Normally polymer electrolyte membranes are prepared and studied for applications in electrochemical devices. In this work, polymer electrolyte membranes have been used as the media to culture fractals. In order to simulate the growth patterns and stages of the fractals, a model has been identified based on the Brownian motion theory. A computer coding has been developed for the model to simulate and visualize the fractal growth. This computer program has been successful in simulating the growth of the fractal and in calculating the fractal dimension of each of the simulated fractal patterns. The fractal dimensions of the simulated fractals are comparable with the values obtained in the original fractals observed in the polymer electrolyte membrane. This indicates that the model developed in the present work is within acceptable conformity with the original fractal. 
Introduction
Fractal aggregates especially diffusion-limited aggregate involve the random walk of particles and their subsequent sticking [1] . To obtain fractal aggregates in laboratory framework, a system with particles in random walk is required. In most polymer electrolytes, the anions as well as the cations are found to be mobile in polymers doped with inorganic salts, and thus can be considered as a natural framework for fractal growth. The polymers act as a host while the inorganic salts dissociate in them to provide the ions necessary for conduction. In this work, PEO-NH 4 I polymer electrolyte films were used to grow fractals. According to Chandra [2] , fractals formed in these polymer electrolyte films are principally due to the random walk and subsequent aggregation of iodine ions. In other research as well, Fujii et al. [3] have successfully carried out fractal dimension calculations of dendrite, of fractal patterns observed on the surface of a conducting polymer polypyrrole, after an 'undoping' process. Recent studies of fractals in polymers that involved modeling and/or simulation include Janke and Schakel [4] , Lo Verso et al. [5] and Marcone, Orlandini, and Stella [6] . On the other hand, Rathgeber et al. [7] have done some work on theoretical modeling and experimental studies of dendrimers.
There have also been experimental studies of crystal pattern transition from dendrites through fourfold-symmetric structures to faceted crystals of ultra thin poly(ethylene oxide) films which were carried out by Zhang et al. [8] . These research works on fractals were done only on laboratory experiments, theoretical modeling and experimental studies, or modeling and computer simulations. In the present work, the authors integrate all the three approaches; experimental, modeling and simulation. The study of fractal growth on films such as those done in this work is useful in understanding the movement of ions in the films and can also be used to study heavy metal accumulation in diseased glands in humans and fishes [2] . The main aim of the present work is to experimentally culture fractals using polymer electrolyte films and to simulate their growth patterns. The work done for the present study was carried out with the objectives as follows:
(i) to grow fractals using PEO based polymer electrolyte films as the growth media
(ii) to simulate the fractal observed in the films using suitable techniques (iii) to develop computer programs for the generation of fractal patterns obtained in the polymer electrolytes in part (i).
Sample preparation
The preparation of fractal growth media involves experimental work done in a laboratory. The media were prepared by using the solution casting method. Poly(ethylene oxide) (PEO mol wt. ∼ 6 × 10 5 ) and ammonium iodide (NH 4 I) were weighed in desired PEO:NH 4 I weight ratios and dissolved in 100 ml acetone. The mixtures were stirred for about 10-12 hours. Each solution that has completely dissolved was then cast into petri dishes and left to dry slowly at room temperature in a dark and dry place for several weeks. After drying, complex geometric patterns were observed.
Simulation methods
Two techniques were adopted in the simulation of the fractal patterns formed in polymer films. The first simulation technique was done using the modeling of DLA on a square lattice based on the Brownian motion theory. While in the second technique, the L-system (a type of fractal dialect) was used to simulate a stochastic DLA model with attached probability on each production rules. In both simulation techniques, the fractal dimensions were calculated simultaneously in each of the developed computer programs.
Simulation using DLA model
Diffusion Limited Aggregation (DLA) is one of the most important models for fractal growth that refers to a simple growth algorithm in which individual particles are added to a growing cluster through diffusion-like processes. Starting from any particular immobile aggregate seed in a plane, a new particle is launched, at a random position far away from the aggregate seed and is allowed to undergo Brownian motion. When the random walking particle touches the seed, it is stopped and incorporated to the aggregate. The process of launching a random walker and adding it to the aggregate on its first contact is repeated until the aggregate reaches the desired number of particles [9] . The visual representation of the above mentioned process is shown in Fig. 1 . Computer simulations of the cultured fractals were performed based on the DLA model described earlier. The simulation starts with a single seed at the centre of a square lattice. Then the seed will start to grow gradually until a full single cluster is formed. This cluster grows outward, one generation after another. The basic algorithm of the whole process is as follows:
1. A list called occupiedSites is created, containing the lattice site {0, 0}.
2. Determine the lattice site nearest to a randomly chosen location along the circumference of a circle whose radius, rad, equals a specified value, s, plus the maximum absolute coordinate value in occupiedSites.
3. Starting at the selected lattice site, execute a lattice walk until the step location is either at a distance greater than (rad + s), or on a site that is contiguous (adjacent) to a site in occupiedSites.
Call the final step location of the walk, loc.
4. Check if loc is adjacent to a site in the occupiedSites list and if it is, add loc to occupiedSites.
5. Execute the sequence of steps 2 through 4 until the length of occupiedSites reaches a value Fig. 2 gives an illustration of the implementation of the DLA algorithm.
Simulation using L-systems
For the purpose of this study, stochastic L-Systems have been chosen as it is thought to be a suitable simulation technique for the present work. Stochastic L-system allows various shapes to be drawn. The recursive nature of the L-system rules leads to self-similarity and thereby complex geometric patterns which are easy to describe with an L-system. The rules of the L-system grammar are applied iteratively starting from the initial state which is called the axiom and a set of production rules.
To develop an L-system for a particular simulation of the complex geometric patterns, some steps [10] have to be followed:
(i) the fractals must be analyzed to infer its stages of growth.
(ii) define the axiom and production rules into a string of symbols that assigned a particular meaning.
(iii) execute the rules as a computer program and show the results as a graphical output and calculate its fractal dimension.
(iv) compare the simulation with the real patterns obtained from the authors' lab.
Turtle graphics interpretations can exhibit different levels of complexity [11] . Papert [12] created turtle graphics in 1980, describes the trail left by an invisible 'turtle' whose state at every instant is defined by its position and the direction in which it is looking. Set of instructions (commands) to the turtle are explained as follows:
• F moves the turtle one step forward, in the direction of its current angle, leaving a visible trail. We call F a 'draw 'letter. • moves the turtle one step forward, in the direction of its current angle, with no visible trail.
• + increases the turtle angle by θ.
• -decreases the turtle angle by θ.
• [ stacks the current position and orientation of the turtle.
• ] moves the turtle invisibly to the position and orientation stacked at the top of the stack and pops it.
In this research, the fractal patterns found in polymer films takes on a branching structure. The branching structure is represented by the square bracket symbols. When a branch point is reached, the turtle encounters the left square bracket '[' where it should remember its current position and heading. This is called the state of the turtle. Technically the state S is given by S ={ , , θ}. In mathematical terms, the turtle has a state consisting of its current position, given by two coordinates and , and a current heading, specified by an angle θ. On the other hand when the turtle reached the corresponding closing bracket ']' the commands are terminated and the turtle will then return to the branching point which it must remember.
Determination of fractal dimensions
The simulated pattern gives a clear representation of a random fractal that generates a stochastic fractal. In general, the fractal dimension of fractals is usually given by a non-integer number D [13] , with an explicit expression analogous to
where is the number of particles and is the linear size of the structure In this research, the box-counting method was used to determine the fractal dimension. To determine a dimension, a square mesh (grid) of various sizes is laid over the simulated image (containing the object). The numbers of mesh boxes N( ) that contain part of the image were counted. The fractal (box) dimension D is given by the slope of the linear portion of a log(N( )) vs log(1/ ) graph. The fractal dimensions of the experimentally cultured fractals were determined using a software tool developed based on the box-counting method [14] . The fractal dimensions of the simulated fractals were calculated automatically by a subprogram incorporated in the simulation program.
Results and discussions
Fig . 3 shows the experimentally cultured fractals of PEO-NH 4 I with a 60:40 weight ratio. Digital photos of the experimentally cultured fractals were taken, pre-processed via an image processing software and uploaded to the fractal dimension determination software tool mentioned in section 3.3.
In the present study, fractal aggregates of different sizes have been successfully obtained in the films of PEO, a polymer infused with NH 4 I, an inorganic salt without any external stimuli. As can be observed in Fig. 3 , fractals are formed at the different nucleation centers and then grow in certain directions away from the nucleation site. The fractals grow irregularly and in an unpredictable motion which can be attributed to the Brownian motion of aggregating species. The simulation of the fractal patterns on a square lattice has been carried out and the results obtained from the simulations were analyzed. In every simulation, different clusters of required sizes represented by stage, were simulated within a specific radius, and their respected fractal dimension were calculated. The animation for a single cluster of the pattern was also created using the computer program developed in order to show how the cluster grows starting from the original nucleation centers that eventually grow according to a specific size desired. From the analysis run on the simulation model obtained, there are some properties of the clusters that have been identified. These properties are as follows:
Branching and screening
The random growth process leads to the formation of small tips which are likely to capture diffusing particles. They screen their surroundings which later have the effect of screening that will selfstabilize the tip until it grows even larger forming new tips which are delicate, branched and tree-like objects.
2. Scale invariance, lack of a typical length-scale As the stage of growth increased, it seems like they were a hierarchy of arms, branches, twigs and sprouts with fjord like empty regions of all sizes.
Stochastic self-similarity
Substructures of the cluster look pretty much alike, i.e. statistical properties are reproduced after proper rescaling.
Apart from the identified properties of the DLA cluster, it is also important to know the growth site probabilities for every particle released during the simulation. It has been discovered that diffusing particles are highly unlikely to wander into one of the inner fjords. The diffusing particles have a high probability to attach to the protruding tips. They are already visible from the marking of most recent particles and growth occurs essentially only in a small active zone within the predetermined radius.
In the simulation using L-system, there are a few important factors to be considered. The main criterion is the structure of the fern-like fractal such as the number of branches that are formed, the size of the structure, and most of all the production rules that suit the original pattern when simulated. To achieve a good result out of the simulation, three key components in the simulation were identified as follows:
(i) The number of branches in most of the observed complex geometric patterns were about four.
(ii) The size of the object differs from one to the other but to obtain the best model for the structure; when running the simulation, the stage of iteration should be at least six. This is to ensure a 'mature' fractal growth pattern is obtained that resembles the real fractals.
(iii) To best describe the growth of complex geometric patterns in polymer membrane, three production rules have been chosen which are: From both tables, it is clear that the percentage difference of fractal dimension values between the experimental and simulated patterns were marginally close. The highest percentage difference was found to be less than 3% that is 2.559% for comparison between the experimental fractal patterns and the simulated fractals using the DLA model. The lowest percentage difference is 0.068% for the comparison between the experimental fractal patterns and the simulated fractals. These show that the simulated fractal patterns were of fairly good conformity with the fractal patterns observed in the PEO-NH 4 I polymer films. The percentage difference of fractal dimension values between the experimental and simulated patterns were marginally close and maybe attributed to the way the simulation was done in each of the two simulation techniques. The simulation of fractal patterns using the modeling of DLA on a square lattice written in a computer program chosen for this study has a run time restriction. To actually simulate a larger fractal pattern requires a longer time to complete as a particle that moves close to the cluster has to investigate all neighbor sites, whether these already belong to the cluster. The particle should either stick or walk freely. The information about the neigh-borhood should be assigned to each site, so that a walker only make contact with the site which it is on instead of all four (in a square lattice) possible neighbors. While in the simulation using L-system technique, the branches grew completely one after the other from their nucleation centre and thus making it difficult to get a complete full grown cluster that matched exactly as the experimentally cultured fractal patterns. These are among the factors which make it difficult to get absolute accuracy thus giving way to the small percentage differences of fractal dimension values between the experimental and simulated patterns. 
Conclusion
The processes of culturing fractals in the laboratory were carefully executed in order to get suitable images of fractal patterns for simulation purposes. The culturing of fractals was done using PEO-NH 4 I polymer electrolyte films prepared via a solution casting technique. The success in growing fractals using the PEO based polymer films shows that besides applications in electrochemical devices, polymer electrolyte films are also suitable for the study of fractals. To study the growth of these fractal patterns the simulation done is based on the DLA model and a fractal dialect called L-systems. Two simulation techniques that were chosen have the capability of producing real-life images of DLA type fractal patterns. The fractal dimensions of the simulated fractal patterns are comparable with the fractal dimensions of the experimentally cultured fractals. Although it is difficult to get an exact match of fractal dimension values for every experimental and simulated fractal patterns, their fractal dimensions were mostly in the range of 1.712 to 1.787. The fractal dimension values are approximately 1.7 which is typical for diffusion limited aggregates. The low percentage difference between the fractal dimensions obtained experimentally and the ones evaluated from simulation indicates that the computer program undertaking both the DLA model and L-system method have successfully come out with a reasonable output that is in accordance with the original patterns found in polymer membrane. Works are being carried out to improve the algorithm of the computer simulations in order to obtain better results.
